We correlated primary T wave changes with the changes of monophasic action potentials (MAP) recorded with suction electrodes from the ventricular surface of the dog heart following systemic or intracoronary infusions of small doses of isoproterenol (ISP). The portions of the heart perfused with ISP were excised and weighed to determine the mass of perfused tissue. ISP shortened the ventricular MAP by an average of 12-18 msec in the entire ventricular mass following systemic administration, in 34 ± 6% of the ventricular mass after injection into the left circumflex coronary artery (LCA), in 8.5 ± 2.6% of the ventricular mass after injection into a branch of LCA and in 17 ± 8% of the ventricular mass after injection into the right CA. The MAP changes induced by ISP were similar to the transmembrane action potential changes recorded with microelectrodes from papillary muscles excised from the same dogs. The most important results of this study showed that: 1) the early and the late effects of ISP administration produced opposite effects on the T wave polarity. The early T wave change was associated with nonhomogeneous and the late change with homogeneous \MAP shortening; 2) the T wave change was greater after infusion into LCA than after systemic administration; 3) the T wave change was greater after infusion into LCA than after infusion into LCA branch apparently because of greater mass of the ISP-perfused myocardium; 4) the T wave change was greater after infusion into LCA branch than after infusion into RCA, apparently due to the unequal regional repolarization contribution to the T wave; 5) the ventricular gradient did not always reflect the magnitude of the primary T wave change. Our Received October 24, 1974; revision accepted for publication December 9, 1974. phase and shortens during the second phase. We postulated that the first phase was due to a nonuniform and the second phase to a uniform effect of ISP on the repolarization of the ventricular action potentials. In this paper we present the experiments which support this hypothesis. We have correlated T wave changes produced by systemic ISP administration with the changes of monophasic action potentials (MAP) recorded with suction electrode from the ventricular surface of the dog heart. We also have infused ISP into different coronary arteries and correlated regional ISP-induced MAP changes with changes in the morphology of the T wave in the ECG. To our knowledge these studies represent the first quantitative analysis of the relation between the change in the duration of monophasic action potential and the T wave change in an animal with intact circulation.2 Our findings help to explain the influence of the size and location of the region with altered repolarization on the magnitude of the primary T wave change.
SUMMARY
We correlated primary T wave changes with the changes of monophasic action potentials (MAP) recorded with suction electrodes from the ventricular surface of the dog heart following systemic or intracoronary infusions of small doses of isoproterenol (ISP). The portions of the heart perfused with ISP were excised and weighed to determine the mass of perfused tissue. ISP shortened the ventricular MAP by an average of 12-18 msec in the entire ventricular mass following systemic administration, in 34 ± 6% of the ventricular mass after injection into the left circumflex coronary artery (LCA), in 8.5 ± 2.6% of the ventricular mass after injection into a branch of LCA and in 17 ± 8% of the ventricular mass after injection into the right CA. The MAP changes induced by ISP were similar to the transmembrane action potential changes recorded with microelectrodes from papillary muscles excised from the same dogs. The most important results of this study showed that: 1) the early and the late effects of ISP administration produced opposite effects on the T wave polarity. The early T wave change was associated with nonhomogeneous and the late change with homogeneous \MAP shortening; 2) the T wave change was greater after infusion into LCA than after systemic administration; 3) the T wave change was greater after infusion into LCA than after infusion into LCA branch apparently because of greater mass of the ISP-perfused myocardium; 4) the T wave change was greater after infusion into LCA branch than after infusion into RCA, apparently due to the unequal regional repolarization contribution to the T wave; 5) the ventricular gradient did not always reflect the magnitude of the primary T wave change. Our W E HAVE REPORTED that intravenous administration of isoproterenol (ISP) causes a biphasic effect on the normal T wave in the electrocardiogram (ECG) in man. During the first phase the upright T wave becomes low, or inverted, and during the second phase the T wave becomes again upright, but usually taller than before ISP administration.' The Q-T interval remains unchanged during the first phase and shortens during the second phase. We postulated that the first phase was due to a nonuniform and the second phase to a uniform effect of ISP on the repolarization of the ventricular action potentials. In this paper we present the experiments which support this hypothesis. We have correlated T wave changes produced by systemic ISP administration with the changes of monophasic action potentials (MAP) recorded with suction electrode from the ventricular surface of the dog heart. We also have infused ISP into different coronary arteries and correlated regional ISP-induced MAP changes with changes in the morphology of the T wave in the ECG. To our knowledge these studies represent the first quantitative analysis of the relation between the change in the duration of monophasic action potential and the T wave change in an animal with intact circulation.2 Our findings help to explain the influence of the size and location of the region with altered repolarization on the magnitude of the primary T wave change. were completed within 2-5 seconds and the doses ranged from 2-4 ,ug. The infusions into the coronary arteries were completed within 5-10 seconds and the doses ranged from 0.06 to 0.64 ,ug. In each animal ISP was administered only into one site but the procedure was repeated from 3 to 7 times. Each new infusion was made after the ECG pattern had returned to control, i.e., usually within 5-7 minutes. Both sites of suction application for the MAP recordings were changed after each ISP administration. All tracings were recorded continuously during the first minute after the onset of infusion, and subsequently at 153 second intervals until the ECG pattern returned to control. In several experiments contractile force was measured by means of Walton-Brodie strain gauge arches sutured to the epicardium. One of the gauges was attached to the area supplied bv the artery into which ISP was infused, and the other gauge to the control area not perfused by ISP solution.
After the termination of experiments, the hearts were excised and indocyanin-green dye* was injected into the coronarx arterv at the site of the previous ISP infusion. The area stained bh dye was excised and weighed. The remaining ventricular myocardium was weighed following the excision of the atria and the great vessels. The weight of the stained myocardium was expressed in percent of the total ventricular weight.
In several experiments the MAPs were compared with the transmembrane action potentials (TAP) recorded with standard microelectrode techniques from papillarv muscles excised from the same heart and mounted in a tissue bath (temperature 36°C; pH 7.4). These muscles were superfused with oxygenated Krebs-Hanseleit solution and driven at constant rates (1-2.5 c/see). Isoproterenol solution (1 ,g/ml) was added to the bath. The contractile force of the papillary muscles was measured with a Grass force displacement transducer (FT 03C) sutured to one end of the preparation. The TAP and the contractile force were displayed on a Tektronix 5648 storage oscilloscope and photographed with a Polaroid camera.
Student's t-test was used to evaluate the significance of the results.
Results
Mass of ventricular myocardium perfused with ISP.
We assumed that ISP reached the entire myocardium after the injections into the PA. The weights of the dye-stained myocardium indicated that the drug reached 23-41 (34 ± 6)r of the ventricular myocardium after the injection into LCA, 6-12 (8.5 ± 2.6)% after the injection into a branch of LCA, and 12-18 (17 ± 8)% after the injection into RCA ( fig. 2 ).
Sites of MAP Recording
We recorded 114 pairs of acceptable MAPs. Of these, 14 pairs were recorded after injection into PA, (group I), 48 after infusion into the LCA (group II), 26 into the LCA branch (group III), and 26 into RCA (group IV). In group I, one of the MAPs was recorded *Hx nson, Westcott and Dunning. Inc. Baltimore. Md. from the right ventricular outflow tract and the other from the apex or the anterior wall of the left ventricle. In the other three groups, one of the MAPs was recorded from the ISP perfused area and the other from the control area in 97 experiments. In eleven experiments in group II, two in group III, and four in group IV, both MAPs were recorded from the ISPperfused area.
T Wave in Control ECG
In agreement with previous studies, we found that bilateral sympathectomy had only a slight and inconsistent effect on ventricular repolarization.6 Following the sympathectomy, the Q-T interval was slightly prolonged (average 16 ± 12 msec) but the T wave vector was generally unchanged, and the T wave amplitude was either unchanged, or decreased. The shape of the T wave was similar to that recorded in other studies of anesthetized dogs in the supine position.7' 8 In leads II and Y, the T wave was inverted, or upright with a single or bifid peak. The average amplitudes of aiT and a2T amplitudes in different groups were not significantly different from each other.
Effect of ISP on the ECG All ISP infusions induced T wave changes without QRS changes. Since the sequence and the magnitude of changes in both leads were similar, we will describe these changes only in the longitudinal lead. In the evolution of these changes, we have identified an early and a late stage. The early and the late effects of ISP produced nearly opposite changes in the T wave polarity ( fig. 3 and two upper rows of fig. 4 , panels B and C).
The early change appeared less than 20 seconds after the onset of infusion when the Q-T interval remained unchanged. This change was clearly recognizable in all experiments in group I (onset at 13 ± 3 sec and duration 6 ± 3 sec) and group Il (onset at 8 ± 2 sec and duration 5 ± 2 sec) ( fig. 3 and two upper rows of fig. 4B ) but was less distinct in group III and IV (two lower rows in fig. 4B ). The early change affected mainly the ST segment which deviated from the baseline and produced a new proximal nadir of T wave ( fig. 3B and first row in fig. 4B ). The amplitude of this nadir averaged -0.24 ± 0.17 mV in group I and -0.31 ± 0.21 mV in group II. As a result of this change, the T wave area decreased by an average 22 ,V sec in group I and 19,V sec in group II. The differences between the early changes in the group I and II were not significant. ment in groups I-III was less depressed than during the early stage, while the T wave was more upright than the control ( fig. 3C and three upper rows in fig.  4C ). In group IV the magnitude of both a1T and a2T amplitude change was smaller than in the other groups (P < 0.001), but the polarity was opposite (fig.  4C , lowest row). The differences between a1T amplitudes in groups I, II, and III were not significant. The a2T amplitude in group II was greater than in groups I and III (P < 0.001), but the difference between a2T amplitude in groups I and III was not significant. Because the polarity of the initial and the terminal T wave portions tended to change in opposite directions, the net change in T wave area was usually small. Only in the group II was the increase in T wave area significantly different from control. Significant shortening of the Q-T interval was caused predominantly by the shortening of Q-a2T interval. . The ventricular MAP in situ and the TAP in excised papillary museles from the same animals showed identical slopes during both the distal portion of phase 2 and the entire phase 3 repolarization. This confirms the results of previous MAP and TlAP comparisons in the rabbit hearts,9 and indicates that the duration of MAP represents the duration of TAP at the recording site.
It is a reasonable assuimption that the ISP-induced changes in the MAP on the surface of the heart during the late stage represent changes oecurring withini the entire thickness of the ventricular myocardium for the following reasons: 1) in some experiments we 673 recorded endocardial and intramural MAP. Although the number of such records was not sufficient for statistical analysis, we always found the same ISP effect on the subendocardial and the intramural MAP as on the MAP from the ventricular surface, 2) ISP produced uniform MAP changes on the entire surface of both ventricles during the systemic administration, and on the entire surface of the affected region during infusion into the LCA, and 3) the shortening of the MAP and the Q-T interval during systemic ISP administration was nearly identical. Such response would not be expected if the MAP shortening in the deeper layers of the myocardium was less pronounced than on the surface.
During all intracoronary ISP infusions, the MAP duration and the contractile force changed only in the regions perfused by the ISP-containing blood. This indicates that the ISP effect was confined to the portions of the myocardium supplied by the vessel into which ISP was injected, and that the amount of recirculated ISP was not sufficient to affect the MAP or the contractility.
The Effect of ISP on MAP ISP consistently shortened the ventricular MAP and the TAP. This shortening was due almost exclusively to the shortening of phase 2. In addition, the intracellular recordings, particularly at slower driving rates, revealed that ISP reset the plateau of the TAP to a more positive potential ( fig. 5 ). This effect, previously observed in cardiac Purkinje fibers,10 can be detected during the continuous recording in the superimposed TAP, but it may escape recognition in the MAP because the amplitude of MAP depends more on the technique of recording than on the TAP amplitude.
The Effect of ISP on the T Wave The earliest ISP effect was an alteration of the ST segment and the initial portion of the T wave without change in the terminal T wave portion and the Q-T interval. This suggests that the shift of the plateau to a more positive potential might have preceded the change in the plateau duration. The technique of MAP recording is not suitable for the evaluation of such changes. However, we observed this sequence during continuous TAP recording after ISP application.
Our study shows also that the early ST-T changes which preceded the shortening of the Q-T interval were associated with an asynchronous MAP shortening. This is in accord with the findings of Han and associates who have shown that both epinephrine infusion and left stellate ganglion stimulation cause an early asynchrony of refractory periods in the dog ventricle. " The late effect of ISP consisted predominantly of increased amplitude of the terminal portion of the T wave with some persisting ST-segment depression. A similar pattern has been recorded after ISP infusion into the left anterior descending coronary artery in dogs.12 In our study the late T wave changes were always associated with uniform MAP shortening induced by ISP, and reflect probably the altered potential gradients during the phase 3 of the ventricular AP.
The Effect of ISP on Q-T Interval
The average shortening of MAP during systemic ISP administration (16 msec) was similar to the average shortening of the Q-T interval (14 msec). This finding is consistent with our previous results which have shown that ventricular AP seldom terminate after the end of the T wave.3 "Silent repolarization" following the end of T wave was not evident in our experiments because the Q-T interval did not increase in any of the three groups with regional MAP shortening.
After ISP administration into the LCA the average MAP shortened by 15 msec and the average Q-T interval by only 6 msec. Following the ISP infusion into the RCA, or the BrLCA the MAP shortening was not associated with any Q-T shortening. These results indicate that some of the action potentials generated within the regions of the left ventricle supplied by the left anterior descending coronary artery contribute to the genesis of the terminal portion of the T wave.
Characterization of T Wave Changes Induced by ISP
The typical ISP effect alters the polarity of the initial and the terminal T wave portions in an opposite manner. Hence, we have observed conspicuous changes in T amplitude in association with negligible changes in the T wave area. In such cases, the change in ventricular gradient (VG) is not expected to be an accurate indicator of repolarization changes responsible for the primary T wave abnormalities. The limitations of the VG measurement in clinical practice have been discussed previously.13 A more recent computer analysis of the ECG after exercise demonstrated significant differences in the direction of the T vector between two groups of patients while the changes in VG "lacked comparable sensitivity and specificity." '4 This finding may be explained by opposite deviations of the ST segment and the T wave vectors in some patients with positive exercise test. Harumi and associates have discussed the differences between the components of the ventricular AP responsible for the genesis of the ST segment and the T wave. As expected, the MAP shortening in the lateral wall of the left ventricle (groups II and III) and similar MAP shortening in the right ventricle (group IV) were associated with opposite effects on the T wave polarity. Similar opposite changes in the T wave polarity have been shown previously during regional temperature alterations on the ventricular surface. 16 This suggests that systemic ISP administration may be expected to produce partial cancellation of repolarization changes in the left ventricle and right ventricle. This effect may explain our finding that T wave change was greater when ISP affected 34% of myocardium (group II) than when the entire ventricle was affected (group I). The T wave change in group II was greater than in group III. We attribute this to the larger mass of myocardium affected by comparable shortening of MAP. However, we cannot explain in the same manner why the MAP shortening in the right ventricle which comprised 17% of ventricular myocardium (group IV) was associated with lesser change in T wave amplitude than the MAP shortening in the portion of the left ventricular wall comprising only 8.5% of ventricular myocardium (group III). We have established that this difference could not be attributed to a lower average MAP shortening in group IV than in group III because when we eliminated the experiments with the greatest MAP shortening in group IV and those with the least MAP shortening in group III, the differences between the MAP shortening in groups III and IV were no longer present but the changes in both amplitude of a1T and a2T were significantly greater in group II than in group IV (P < 0.001).
We compared the activation times of the MAP in groups III and IV. The Q-MAP1 interval averaged 23 ± 6 msec in group III and 16 ± 7 in group IV. The difference between these two activation times was significant (P < 0.001). It is reasonable to assume that the cancellation of repolarization is greater in the areas which are depolarized earlier. Therefore, such areas may contribute less to the T wave than the areas depolarized later. However, the uneven contribution of different regions to the T wave may be due to other differences, e.g., shape, orientation of fibers, or ventricular wall thickness.
Conclusions
The average MAP shortening induced by ISP in four groups of experiments ranged from 12-18 msec, and was always associated with T wave changes. This Circulation, Volume 51, April 1975 shows that the T wave is a sensitive indicator of small changes in the duration of action potentials, even if these changes are confined to a mass comprising less than 10% of the ventricular myocardium. We have established that certain abnormalities of repolarization at the cellular level may change the amplitude of the T wave without changing the magnitude of the ventricular giradient. We have also shown that the magnitude of the T wave change may not be proportional to the mass of tissue with uniformly altered repolarization. We attribute some of the discrepancies to cancellation, and some to an uneven contribution of different repolarization regions to the T wave. Our present clinical methods are not sufficiently accurate to assess precisely the character and extent of repolarization abnormalities. New methods may be needed to improve the specificity of T wave abnormalities in the electrocardiogram or the vectorcardiogram.
